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"Sh: Abstract 

r-| ! We study the T violating transverse muon polarization in the decay of fi'^wj 



due to CP violation in theories beyond the standard model. We find that the polarization 
asymmetry could be large in some CP violation models and it may be detectable at the 
ongoing KEK experiment of E246 as well as the proposed BNL experiment. 



1 Introduction 



In the framework of local quantum field theories, with Lorentz invariance and the 
usual spin-statistics connection, time-reversal (T) violation implies CP violation (and 
vice versa), because of the CPT invariance of such theories. Experimentally, only CP 
violation has been observed so far and this only in the neutral kaon system. But the 
origin of this violation remains unclear. In the standard model, CP Violation arises from 
a unique physical phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix 
IjlJ. To ensure that this phase is indeed the source of CP violation or T violation, one needs 
to look for new processes, especially that outside system. It would be particularly 
interesting if the time reversal symmetry is directly violated in these processes, rather 
than inferring it as a consequence of CPT invariance. 

Within kaon physics, the most interesting search of T violation would be to look for 
the component of the muon polarization normal to the decay plane, called transverse 
muon polarization (Pt), in the charged kaon decays such as n^fi^u (K^r^) 

{K'i^2y) s-nd n^fi^fi^ 0]. The polarization in K^^ as well as that 

in will be measured to a high accuracy at the ongoing KEK E246 experiment |^ 

and at a recently proposed BNL experiment 0, while for — > TT^fi^fi^ that would be 
done in a future kaon factory [|^ . 

In this paper, we concentrate on the radiative decay. We will first give a general 
analysis on all components of the muon polarization and then present our estimations on 
the transverse component in various CP violation theories beyond the standard model. 
The transverse muon polarization in the decay of fi^wj is related to the T odd 

triple correlation, i.e., 

Pt oc s; ■ {p^ X p^) , (1) 

where is the muon spin vector and pi , {i = fi and 7) the momenta of the muon and 
photon in the rest frame of K~^, respectively. It is expected [Q that the CKM phase does 
not induce the polarization in Eq. (||). Therefore measuring the polarization could be a 
signature of physics beyond the standard model. There are many different sources that 
might give rise to the polarization. The most exciting ones are the weak CP violation 
from some kinds of non-standard CP violation models. However, the electromagnetic 
interaction among the final state particle can also make a contribution, which is usually 
less interesting and it could even hide the signals from the weak CP violation. We shall 
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refer the final-state-interaction (FSI) contribution as a theoretical background of that by 
the weak CP violation. It has been estimated that Pt ~ 10"^ and 10~^ in K^^ {K^ 
n^fi^u) P] and K^^ {K^ n^fi^u) [T^, due to the FSI effects at one and two-loop levels, 



respectively. For although there is only one charged final state particle like 

K'^^, FSI arises at one-loop diagrams because of the existence of the photon in the final 
states [0, |l^ and it is found that P^^^{K^ fJ'~^^l) ~ 10~^ in most of the decay allowed 



phase space [jT3[. To distinguish the real CP violating effects from the FSIs, one has to 
explore various possible models with the polarization being larger than 10"'^. 

The paper is organized as follows. In Sec. 2, we carry out a general analysis of 
the muon polarization in fi^wy. In Sec. 3, we study the CP violating muon 

polarization effects in some extensions of the standard model. We give our concluding 
remarks in Sec. 4. 

2 General Analysis for Muon Polarization 

For a general investigation of the transverse muon polarization in —>■ fi'^w-f decay 
including some new CP violating sources, we first carry out the most general four-Fermion 
interactions given by 

Gp _ 

C = ---^sm6'cS7°(l -75)mi/7c,(1 -75)/i + G'5SMz/(l + 75)/i + G'pS75Mz/(l + 75)/i 
+ GvS7"Mz/7a(l - 75)/i + G'AS7"75Mi^7a(l - 75)At + ^-c, (2) 

where Gp is the Fermi constant, 6^ is the Cabibbo mixing angle, and Gs, Gp, Gy, 
and Ga, arising from new physics, denote scalar, pseudoscalar, vector, and axial vector 
interactions, respectively. From the interactions in Eq. (^, we can write the amplitude of 
the decay terms of "inner bremsstrahlung" (IB) and "structure-dependent" (SD) 

contributions, which can be written as 0, P 



M = MjB + MsD, 

with 

Gp 

MiB = ie-^sinOcfKm^elK" 



where 



MsD = -ie%sine,elL,H^\ (3) 
V2 



K = Mp^ 1+75 ^ 

\p-q 2pf,-q J 



Ly = m(p,.)7^(1 -75)t;(p^,s^), 

ff,.u ^ lA(-gi^^p.q + pf^q'^)+i3L^f^^'^Pq^p (4) 
tuk niK 

ea is the photon polarization vector, p, p^, Pfj_, and q are the four-momenta of K~^, z/, fi~^, 
and 7, respectively, is the polarization vector of the muon, and fx, Fy, and Fa are the 
form factors given by 

fK = + + 

Fa = F'a{1 + Aa), 

Fv = FO(I-Av), (5) 



with 



V2 / Gpm\ 



^iP,A,V) = .,^0 I , .Ga.Gv] • (6) 



Here f% is the kaon decay constant and -F°(a) the vector (axial- vector) form factor, defined 
by 



<Q\sn^u\K+{p)> = -ify 



I ^ p^jp-qY 
p-q ^ 



rriK 

dxe"^"" <0\T{J^Jx)sYuiO))\K+{p) > = t^ef'^'^^q^pp, (7) 

rriK 

and the hadronic matrix elements involving the scalar and pseudoscalar currents in Eq. 
(I) are given by [1^ 



<0\sj,u\K+ip)> = ifl 



K I ' 

rus + rriu 

^'k 



fdxe^"^ <0\T{Jif^{x)s^,u{0))\K^p)> = /° ^ 
J TUs + rriuP ■ q 

ldxe^''^<0\TiJ^Jx)sum\K^ip)> = 0, (8) 

where is the electromagnetic current. Numerically, one has = 0.16 GeV from the 
experiment and Fy = —0.095 and F^ = —0.043 found in the chiral perturbation theory 



at one-loop level 14 



We use the standard techniques to calculate the probability of the process fi^uj 
as a function of the 4-momenta of the particles and the polarization 4-vector of the 
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muon. We write the components of in terms of ^, a unit vector along the muon spin 
in its rest frame, as 



-So = , -5 = 4 + 



-So 



Pi.- 



(9) 



In the rest frame of , the partial decay width is found to be 



dq 



K 



{2nf2Eg {2nf2E^ {27r)^2E^' 



(10) 



with 



= po{x, y)[l + {PlCl + PnCn + ^rer) ■ C 



(11) 



where Ci {i — L, N, T) are the unit vectors along the longitudinal, normal and transverse 
components of the muon polarization, defined by 



Pi,x {qx p^) 
IPm X (g X p^) I ' 

iQXPul 



(12) 



respectively, and 
Po{x,y) = 



-e Gpsm dc{l - A) <^ — 



|2 r 



\Fv + FaI'j^ (l-x-'-^) + \Fy- FaWv - A) 



-ArriKml [Re[fK{Fv + FaT] (l - x 
1-y + X 



A 



Re[fK{Fv-FAy 



A 



(13) 



with A = {x + y — 1 — r^)/x, = m'j^/M^ and x = 2p ■ q/p^ = 2Ey/mK and y = 
2p -p^/p^ = 2E^/mx being normalized energies of the photon and muon, respectively. If 



we define the longitudinal, normal and transverse, muon polarization asymmetries by 



we find that 



Fix dm) - dr{-e,) . ^^y. 
^'^^'^^"dr(el) + dr(-el)' ^'^''^^ 



P,(x,y) = MMl, {i^L,N,T), 
Po{x,y) 



(14) 



(15) 



with 



pL{x,y) 



-e^Gl sin^ 9^ 



(1-A) \^ml\fK 



2A,/y2-4r, 



-(y2-4r^)(Ax + 2r^-2A) 



1 — X 



MtcXx^ 



\V + A\' 



A 



1-A 



(Ay - 2r^) 



A 



+ |l^-Ap(y2_Ay-2r 



-4MKml 



Re{fK{V + A)*}A ( 1 - X - ^ ) (2 - 2x - 



pN{x,y) 



+Re{fK{y - A)*} ( (l-y)(y-A ) + 2r, - A)]} , 



-M^m^Xx^ 



\V + A\' ^ 



1-A 



\ — X 



\x 



A 



x + y-2\) 



+ \V-A\^ 



-2M|m^ 



i?e{/K(\/ + AY} { ^^/^ / + Ax(l - x)' 



1-A 



pT{x,y) 



Re{fK{V-Ar}{y-2r^)]} , 
1-A 



A 



A 



Ay - A2 - ^Im[fK{Fv + ^ 
X (l - X - ^) + ImifKiFy - Fa)*]'} . (16) 



From Eq. (|14|), it is easily seen that the asymmetries of Pl and P/v are even quantities 
under time-reversal transformation, while Pt is an odd one. Since we are interested in 
CP violation, we will concentrated on the transverse part of the polarization shown in 
Eq. ([1^ . We rewrite Pi^x^y) as 



PT{x,y) = P^{x,y) + P^{x,y) 



(17) 



with 



P¥ix,y) 
P^{x,y) 



avix,y)[Im{AA + Ay)] , 
[avix, y) - o-^(x, y)]Im{Ap) 



(1^ 



where 



av{x,y) = 2e^G],sin'^ecm\m^f%F^ 

Po{x,y) 



\y_\2_ f-lJ^\ 



l-x-^ 



(TA{x,y) = 2e Gpsin ecnij^m^fj^FA 



Po{x,y) 



l + A 
A 



+ 1-x- 



■ (19) 



5 



Clearly, to have CP violating transverse muon polarization of Pt in Eq. (p!8|), at least one 
of the couplings Gi {i = P, A, V) in Eq. (2) has to exist and be complex. 

In the standard model, from Eqs. ( [17|) and (0), we see that the transverse muon 
polarization is zero since fx = fx ^-nd Fv(a) = Fv{A) which are both real due to Gi = 
and Aj = (i = P,V,A). However, the longitudinal and normal muon polarizations are 
non- vanishing. In Figs. 1-3, we show the Dalitz plots for po, Pl and P/v, respectively. 
In the non-standard models, Pt could be non-zero if the new physics couplings Gi {i = 
P, A, V) have some phases. In Figs. 4 and 5, we display the Dalitz plots of av{x,y) and 
av{x,y) — cr^(x,?/), respectively. From the figures, we see that they are all in the order 
of 10~^ in most of the allowed parameter space. We shall use ay and cry — a a as 0.1 
in our numerical estimations of the next section. However, it is interesting to note that 
there is no contribution to the transverse muon polarization if the interaction beyond the 
standard model contains only left-handed vector current, i.e., Gy = —Ga-, because of the 
zero relative phase between the amplitudes of Mib and Msd- 

3 Transverse Muon Polarization in Various Models 

Since PT{K^2-y) = at tree level in the standard model, a nonzero value of the transverse 
muon polarization provides an evidence for new CP violating source outside the CKM 
mechanism after taking care of the theoretical background. In such case, Pt may arise 
from the interference between the tree level amplitude in the standard model and the new 
CP violating amplitude. In the following we will study various CP violation models such 
as the left-right symmetric, two-Higgs-doublets, supersymmetry (SUSY), and leptoquark 
models and discuss the possibilities of having large Pt in these theories. 

3.1 Left-Right symmetric models 

In this subsection we study the prediction of T-violating muon polarization for K^2'y 
decay in models with left-right symmetric gauge symmetries SU{2)l x SU{2)r x U{1)b-l 
||T6| . In these models, the minimal set of Higgs multiplets to break the gauge symmetry 
down to U{l)em is: one doublet and two triplets The transformations of the Higgs 

bosons under SU{2)l x SU{2)r are given by 



-01 02 

= i^^'f^ ^UT,n^L,RUl^. (20) 
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with the vacuum expectation values (VEVs) being 

e^" f \ 

< ^ = V ( ) • (") 

where a and ^l.r are the CP violating phases. After the spontaneous symmetry breaking 
(SSB), the masses of fermions can be generated by the Yukawa coupling terms 

CY = QLFcj>QR + QLG^QR + h.c., (22) 

where the generation indices have been suppressed, Ql,r stand for the left- and right- 
handed fermions doublets, F and G correspond to the N x N mass matrices for N gener- 
ations, and (f) = T2(t)*T2. In addition, the eigenstates of both Wl^r bosons related to weak 
eigenstates can be written as 

Wi = cos CWl + sin ^ Wr, 
W2^- sin ^Wl + cos { Wr, (23) 

where ^ is the left-right mixing angle. In any event, due to the Wr gauge boson, we 
have new mixing matrix, called right-handed CKM (RCKM) matrix, coming from the 
diagonalization of right-handed quarks. The charged current interactions are given by 

Ccc = ^W^U^^K'^PlD + ^W^U^.K^'PrD + h.c, (24) 

where ql and qr are coupling constants for SU{2)l and SU{2)r, C/^ = {u,c,t) and 
— {d, s, b) are the physical states of up-type quarks and down-type quarks, and 
are the CKM and RCKM matrices, and Pl^r={1 =f 75)/2, respectively. 
The number of physical CP violating phases in CKM and RCKM matrices with N 
generations arc Nl = {N - 1){N - 2)/2 and Nr = N{N + l)/2, respectively. For 
example, we have three CP violating phases from for the case of two generations. 
Here, we do not assume parity invariant as well as any special relation in the matrices 
so that, in general, the gauge coupling constant is not equal to qr and the matrix 
elements of RCKM are free parameters. Including the left-right mixing parameter ^ we 
can generate Pt{K'^2j) from the tree diagram as shown in Fig. 6. The quark level four- 
Fermion interaction which contributes to K'^2j decay is given by 



(25) 



Compare Eq. (|25| ) with Eq. (Q), we get 

Gv = Ga = 

which leads to 

Aa = Ay 



'V2 9L 
^K^I 9R 



(26) 



(27) 



in terms of Eq. (^). From the expression of 5 Ay in Eq. ( P?] ) and the definition of the 
muon transverse polarization in Eq. (|T^, we obtain 



9l 



To illustrate the prediction of the transverse polarization, we consider two-generation 
case. The RCKM matrix which contains three physical phases can be parametrized as 



R 



o«7 



(29) 



5i^2 and 7 are the three physical CP violating phases, and dc is the Cabibbo angle. From 
the mixing matrix in Eq. (pQ]), we find that 

Im{K^^) = sinO^ sin{-^ - 5i) < sinO^ . (30) 

In the typical left-right symmetric models as shown in Ref. one generally has 

i— < 4.0xl0-^ (31) 
9l 

and thus one gets 

Pt < 8.0 X 10"^ (32) 



with choosing that cry ~ 0.1 and Im{K, 
models studied in Ref. |l^, it is found that 



sin Be- However, in a class of the specific 



< 3.3 X 10-2 

9l 



(33) 



for Mji > 549 GeV. In such models, with the same set of the parameters cxy and Im{K^l), 
one gets 

Pt < 6.6 X 10"^ , (34) 

which is within the experimental detecting range. The bounds in Eqs. (0) and (|34[) can 
be even larger if one uses a larger value of cxy . We remark that the muon transverse polar- 
ization for the decay of —>■ n^fi^i', i.e., Pt{K^^), vanishes in the left-right symmetric 



models as shown in Ref. [|19|. This is because the photon is a vector particle while the 
pion is a pseudo-scalar one. 
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3.2 Two-Higgs-Doublet Models with FCNC 



In a two-Higgs doublet model (THDM) without introducing global symmetry ||20|, the 
up and down-type quarks will couple to the both two Higgs doublets. However, the up 
and down-type quarks mass matrices cannot be simultaneously diagonalized. Therefore, 
flavor changing neutral current (FCNC) is induced at tree level. To suppress the effects 
of the FCNC, one can impose a discrete symmetry. However, the discrete symmetry 
normally also constrains the scalar potential such that spontaneous CP violation (SCPV) 
may not occur. In this section, instead of having a discrete symmetry, we assume that 
the couplings related to the FCNC are small. The various possible theories with naturally 



small couplings have been explored in Refs. 0, ^ 



The Yukawa coupling terms in the weak eigenstate can be written by 

vf,Li<PiERj + ifjL42ERj + h.c, (35) 

where rj^j'^'^ and ^fj^'^ are dimensionless and real parameters, Ql and L denote the 
left-handed quark and lepton doublets, Dr, Ur, and Er are the right-handed down- 
type quarks, up-type quarks, and leptons, (pi and 02 are the two Higgs doublets with 
= i(T20* respectively. The VEVs of the Higgs doublets are given hj < (pi >= vi 
and < (p2 >= exp{i6)v2, where 6 is the CP violating phase. From Eq. (|35D the Yukawa 
interactions of quarks and leptons with neutral and charged Higgs bosons can be expressed 
by 

Cnh = -^t/Lf^t/fi(/i°-2A°) + -^Die''^«(/i° + ^A°) + /i.c., 
CcH = -UrI'^'k'^DlH^ + ULK'^~eDRH^ + NLK'^~eERH^ + h.c., (36) 
respectively, with 

^ (-r^^sinP +e^'^^cosP)Vi\ (37) 

where flavor indices are suppressed, V^'^'^ are the unitary matrices which transform 
the fermionic weak-eigenstates to the mass-eigenstates, and tan/3 = V2/V1. However, for 
simplicity we can reparameterize the diagonal parts of matrix C,^ to be (^^)m = zrrii., 
where z is unknown parameter and mi is the lepton mass. The parameter z can be 
bounded by the /x-e universality in tau decay. 
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From Eq. (pB), we find the following four-Fermion interaction 



= - ^ ^^^^ + EeS*^«^>L J uvPn^^. (38) 

where Mh is the mass of charged Higgs particle. From Eq. (|36D , we clearly see that the 
off-diagonal elements ^^-^ {i 7^ j) are related to the FCNC at tree level. To illustrate 
the polarization effect, we use the ansatz in Ref. p3| by Cheng and Sher, in which the 
couplings ^^'^ in Eq. (|3^) are taken to be 



, U,D U,D 

g'^ = A. /"^- for.^,, (39) 

J y 



where Xij are undetermined parameters, v = \Jv'l + V2 = (2\^Gf) and mP^^^ the 
masses of up (down)-type quarks. We now simplify Eq. (^) to 

^^t^ = ^^^n^J (-efl^H + ^22 Pl)u uPRfi , (40) 

by using Eq. (pOf). We consider the constraints on and ^22 i^om the — mixing, 
arising from the box diagrams with the M-quark as the internal fermion as shown in Fig. 
7. From the figures, we find that 



f2 

<K\M^^\K > = ^^^iKu,K^s)^n^22DHwij^,j^) (41) 



with 



^ , , Inx Inx Infxv) 

Using the experimental value on the — mixing, we obtain 

leTie?2*-|nfiT I < 7.3x 10-^MHGeV-\ 

< 1.3 X 10-2m,_S5L_. (43) 



^w(if,i^ 



■M% ml 

?D cD* I 



For Mh ~ 200 GeV, we find that | < 5.6 x 10^^ ^nd thus, 

leTj < 8.6 X IO-^a/m^- (44) 



The strict constraint on z, as pointed out by Grossman is from the /x-e universality 
in T decay as well as the perturbativity bound, and is given by 

\z\ < min{l.l X lO^^M^ Gel/-^, 2.QGeV-^) . (45) 
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One notes that if > 175 GeV, the bound on z mainly comes from the perturbativity 
as shown in Eq. (^). From Eqs. (6) and (0), we get 



Gp = -|^i^.^;(eTi+e?;), (46) 



and 



AP = ^7^(eTi + e?;) , (47) 



72; 



which leads to the muon transverse polarization as 



Pt = i^v - ^A)^^J%lm{l^,, + e?;). (45 



Using the constraints in Eqs. (|4^) and (^), we obtain 

Pt < 0.048 (49) 

for \av - (Ta\ ~ 0.1 and Mh ~ 100 GeV. 

Using the interaction in Eq. ( ^OD by neglecting the contribution of ^22 y t^e similar 
estimation for the transverse muon polarization in K'^ —>■ vr'^yU+z/ can be done. By taking 
the same values of parameters as in the decay of we find that Pt{K'^.^ could be as 

large as the current experimental limit, i.e., 1 x 10~^. Therefore, Pt in both decays of 
K'l^2'y K'^.^ can be very large in the Higgs models with FCNC We note that the muon 
polarization effects of the two modes in the three Higgs-doublet models with NFC could 



be also large as studied in Refs. n, EH]. 



3.3 Supersymmetric Models 

In this subsection we consider the effects on Pt in theories with SUSY. It is known that, 
in general, SUSY theories would contain couplings with the violation of baryon or /and 
lepton numbers, that could induce the rapid proton decay. To avoid such couplings, one 
usually assigns R-parity, defined by i? = (_ i)3-B+l+2S each field p6|, where B{L) and 



S denote the baryon (lepton) number and the spin, respectively. Thus, the R-parity can 
be used to distinguish the particle (R=+l) from its superpartner (R=— 1). Recently, 
Ng and Wu |^ have investigated the T violating Pt for ^^^27 SUSY models with 
R-parity and they find that when the squark family mixings are taken into account, large 
enhancement effects would appear due to the heavy quark masses and large tan/5=f2/fi. 
In this paper, we will concentrate on the SUSY models without R-parity. To evade the 
stringent constraint from proton decay, we can simply require that B violating couplings 
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do not coexist with the L violating ones. In the following we consider the theories with 
the violation of the R-parity and the lepton number. In such cases, the superpotential is 
given by 

Wi^ = ]^\,,UL,El + K^,UQ,Dl (50) 

where the subscript ijk are the generation indices, L and E"^ denote the chiral superfields 
of lepton doublets and singlets, and Q and D'^ are the chiral superfields of quark doublets 
and down-type quark singlets, respectively. We note that the first two generation indices 
of Xijk are antisymmetry, i.e., Xijk = —Xjik- The corresponding Lagrangian is 

+ dRk^LidRk + dRkdLji>Li - eRiULjd*^k - dRkenULj - dRkULjCLi] + h.c. (51) 

From Eq. (0), we find that the four-Fermion interaction of su — > with the slepton as 
the intermediate state shown in Fig. 8 can be written as 

Crv = -^^^-sPluuPr^. (52) 

where M|^^ is the slepton mass. 

From the interaction in Eq. (|5^, we get 

Gp = , (53) 



4M? . 



which leads to 



V2 m\ \li2K12 



(54) 



for i = 1,3. We therefore obtain the transverse muon polarization of 

^ ~ " sin Be (m, + m„)m, M^^ " 

In order to give the bounds on the R-parity violating couplings, we need to examine the 
various processes induced by the FCNC. We first study the decay of fi ^ 67. Based on 



the analysis in Ref. pSf, the total branching ratio for /i — >^ 67 decay can be expressed by 

127r2 

Brifi ^ e7) = -^{\Alr\'' + \Arl\'), (56) 

where 

Ai = Af + Af + Af"" (57) 
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with i = LR and RL. In Eq. (|57|), the amphtudes Af^'"^ stand for the neutrahno- and 
slepton-mediated contributions and Am is the soft breaking mass. For convenience, we 



only consider Af contributions. Using the results in Ref. p8|, we get 

e 



A 



A 

LR 



967r2 

e 

967r2 



2 



(5^ 



Therefore, the bounds on R-parity violating couplings A are given by 



< 2.3 X 10"^ 



M2 



1 



M2 ■ Ge1/2 

where we have assumed that M^;^ ~ Mg^j 
|A32fc| and IA211I ~ IA212I, and we have 

IA322 



for A: = 1, 2; 



for i,j = 1,2, 



(59) 



~ M. For simplicity, we take [Asifcl 



M 
A212 



< 2.1 X xlO" 

< 1.5 X 10^^ 



1 



GeV 
1 



M ' GeV 
The bounds on A' can be extracted from the experimental limit on 



in Ref. [||]. One finds that 



I A' 



< 1.2 X 10' 



GeV 



where Mj^^^ ~ M is the sdown-quark mass. 



From Eq. (|55|) and the bounds in Eqs. 



for J = 1,2, 

|60| ) and (|6T|), we find 
< 0.01 



(60) 

nuu as shown 
(61) 



(62) 



for \av — (JaI ~ 0.1. 

The interaction in Eq. 



could also yield transverse muon polarization in 



fi^u. We find [[1^1 that Pt{K'^^) < 10~^ by using the same parameter values as in the 
case of K^2^. Thus, in R-parity violation SUSY models with R-parity violation, one can 
also get a large prediction of Pt{K^^). 

3.4 Leptoquark Model 

There exist three scalar leptoquark models contributing to the decay K^2j through the 
tree diagrams which is similar to the cases for K^^^ shown in Ref. |T^. The quantum 
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numbers of the leptoquarks under the standard group SU{3)c x SU{2)l x U{1)y are 



(3,2,^), (Model I), 
(3,1,-^), (Model II), 

(3,3,--), (Model III), (63) 
3 



respectively. The general couplings involving these leptoquarks are given by |31| 

£^ = (XiQLeR + \'iUrLl)(I)i + h.c, 
C}' = (X2QLLl + X',URe%)(l)2 + H.C., 

C''' = \sQlLI(Ps + H.C., (64) 

where Q ~ (^^^ ^^"^ ^ ~ ^ e ^ ' -^^^^ coupling constants (k = 1, . . . , 3) are 
complex and thus CP violation could arise from the Yukawa interactions in Eq. (0). We 
assume that CP violation in K ^ titi decays can be accounted for by the non-vanishing 
KM phase, and investigate the effect on the muon polarization of adding another CP 
violation mechanism in Eq. (|6^). 

In terms of each charge components of the leptoquarks we rewrite Eq. (0) as 

= E{[>^'^u.la + 7^)ej + Xlu,^(l-l,)e,]<l^[^^ + 
[X\'d,^(l + 75)e, + A7n,l(l - ^,)iy,]<p[^^} + H.C, 

d}-(\ + 75)^;] + Af n,i(l - 75)e,^}02"^^ + H-C, 
C"' = E'^3{4(l+75)^;# + [^4(l + ^5)e,^ + 

di^(l + 75)^|]03"^^ + d,^(l + 75)e,^03"^^} + H.C, (65) 

where i,j are family indices and Qe in (j)^^"^ are the electric charges. From Eq. (^), we 

see that the relevant terms for the process K^2'y are the ones involving , 02 ^ and 
(--) 

03 ^ couplings, respectively. We will concentrate on these terms in our discussions. The 
effective interactions from these leptoquark exchanges are 



\22/' 

^eff = 4M2 s(^+l5)m{l + l5)u + H.C., 
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^e^/ = Tl^[-Ar(A^')*^ll+75)^r/i^(l-75)« + 

Xl\Xfy-s{l + ^^^fi'il + 75)H + H.C. , (66) 

■\ 2j/ \ 12\* 

^i'/f = ^^^^^s{l + l^>m^-l^)n + H.C (67) 

(-) (--) {--) 

where M^^. (/c = 1, . . . , 3) are the masses of , 02 ^ and 03 ^ , respectively. Using the 
Fierz transformations and Eq. (^), we have 

A 





Af(A;iO* 


GpsinOcims + mu)mn 






Ar(Af)* 




8^1 



which give rise to 

[P^,P^^] = ((Ty-(TA) 



,2 



Af (A'/O* Ar(Af )' 



(69) 



respectively, where we have neglected the tensor interactions and the contribution of C^^^ 
because it contains only left-handed vector current interactions which have no relative 
phases between Mib and Msd- 

For Model I, since the leptoquarks model can give a large contribution to the moun 
transverse polarization in K^.^ |jl9[, we may use the present experimental bound on 
Pt{K^.^) to constrain the CP violating parameters in Eq. (p7|). Explicitly, we find 

|Af(Af 



Ml 



< 4.4 X 10^^ (70) 



and therefore we get 



|P^(K+^)|< 4.8x10-3 (71) 
for \av — ~ 0.1. Similar results can be obtained in Model II. 

4 Conclusions 

We have studied the transverse muon polarization in the decay of ^~^i"~f in various 

CP violation theories. We have explicitly demonstrated that the polarization effect can be 
large in models with the left-right symmetry, multi-Higgs bosons, SUSY, and leptoquarks, 
repectively. These results as well as that from other CP violation models are summarized 
in Table 1. The estimations for the transverse muon polarization in K^^ are also presented 
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in Table 1. It is interesting to see that a large Pt{K^2"i) corresponds a large Pt{K^z) in 
the most CP violation models shown in the table except the left-right symmetric theories, 
in which Pt{K'^^) = 0. Therefore, the decay of ^^^27 has a comparable or even more 
sensitivity with that of K^^^ to the new CP violation mechanism. 

In conclusion, the transverse muon polarization of — > fi'^u'-f could be at the level of 
10-2 in the non-standard CP violation theories, which may be detectable at the ongoing 
KEK expeiment of E246 as well as the proposed BNL experiment. The measurement of 
such effect is a clean signature of CP violation beyond the standard model since that from 
the theoretical background, i.e., FSI, is < 10^^. 
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Table 1. Summary of the upper values of (1) Pt{K^3) and (2) PT{K^2-y) for (a) current 
experimental limits, (b) sensitiveties in KEK-PS E246, (c) theoretical background (FSI), 
(d) standard CKM model, (e) left-right symmetric models, (f) multi-Higgs models with 
NFC, (g) multi-Higgs models without NFC, (h) SUSY with R-parity, (i) SUSY without 
R-parity, and (j) leptoquark models. 





a. 1) c 


d 


e 


f 


cr 


h 


i J 


(1) 


10-2 5 • 10-"^ 10-6 








10-2 


10-2 


10-2 


10-2 10-2 


(2) 


10-3 10-3 





7 • 10-3 


5 • 10-3 


5 • 10-2 


2 • 10-2 


1 • 10-2 5 • 10-3 
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Fig. 1. Dalitz plot of po{x,y). 




Fig. 2. Dalitz plot of PL{x,y). 
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Fig. 3. Dalitz plot of PN{x,y). 




Fig. 4. Dalitz plot of av{x,y). 
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Fig. 6. Tree diagram to su — > jj.v induced by the left-right gauge boson mixing. 
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Fig. 7. Box diagrams to — mixing with the u-quark as the internal fermion. 




Fig. 8. Tree diagram to su jiv with the slepton as the intermediate state. 
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